Two new assays for the detection of TEM-1 ,I-lactamase-mediated bacterial penicillin resistance were developed that involve the use of specific nucleic acid hybridization. Both techniques are based on a solution-phase hybridization of oligonucleotide probes to the target DNA sequence, solid-phase capture of the probe-target complex, and an amplified chemiluminescent labeling method. One configuration of hybridization probes detected the presence of TEM-1 in Neisseria gonorrhoeae (45 strains), Haemophilus spp., Escherichia coli, Shigella sonnei, and Salmonella typhi. A second configuration (TEM-1NH) detected TEM-1 ,I-lactamasemediated penicillin resistance only in N. gonorrhoeae (97 strains) and Haemophilus (6 strains) isolates in which TEM-1 is inserted in a pFA7-type plasmid. Both methods were 100 times more sensitive than a commercially available colorimetric ,I-lactamase activity test and approximately 5 times more sensitive than radioisotopic dot blot screening for the gene. The assays are particularly well suited to the analysis of large numbers of samples, can be performed in a total of 4 h, and are sensitive to 104 to 105 CFU.
Gonorrhea remains one of the most widespread sexually transmitted diseases. Traditionally, penicillin has been the drug of choice for treatment of the disease (6) . Since the appearance of the first penicillinase-producing Neisseria gonorrhoeae (PPNG) strain in 1976, the incidence of penicillin-resistant gonorrhea has increased rapidly to 2% (16, 25, 1987) . In some cities in Florida, New York, and California, the incidence of PPNG is as high as 30%.
Penicillin-resistant bacteria are generally detected by agar dilution susceptibility, disk diffusion testing, or P-lactamase activity (6) . These methods require pure primary cultures of the microorganisms. The development of a rapid and sensitive test capable of screening for penicillin resistance in uncultured clinical samples could facilitate predictable treatment of the disease. Recently, researchers in this laboratory reported the development of a rapid, nonradioactive assay for the detection of hepatitis B viral DNA in human serum (27) which involved the use of specific hybridization of synthetic oligonucleotide probes to the viral genome in solution. In this communication we report the application of this assay system to the detection of penicillin resistance. Penicillin resistance in N. gonorrhoeae is mostly due to the acquisition of a 7.5-or 5.4-kilobase plasmid of the type pFA7 and pFA3 (pFA7-type) (1, 2, 7) . These plasmids are thought to be composed of an ancestral Haemophilus parainfluenzae plasmid, similar to pHPA300 (7) , and a gene, TEM-1, coding for a ,-lactamase from Escherichia coli (13, 14) . Strains carrying these plasmids are highly resistant to penicillin: the MIC of penicillin is often as high as 2 mg/ml (8, 20 (28) and then purified as described elsewhere (26) . For the TEM-1 assay, capture and labeling probes in a 1:3 ratio were designed to contain 30 bases which are complementary to the coding strand of the TEM-1 gene ( Fig. 2A) (27) . Enhanced luminol (9) was used as a chemiluminescence substrate for the detection of horseradish peroxidase (27) . The light emissions were recorded with a TD-20e Luminometer (Turner Instruments, Mountain View, Calif.). Samples, in triplicate, were scored as positive when the signal-to-noise ratio between the relative luminescence produced by a well with a sample (signal) and the relative luminescence produced by a well with no sample (noise) was greater than 3. The total time required to analyze 96 wells was approximately 4 h. Other methods. Dot blot analyses were performed as described elsewhere (16, 30) . The specific activity of the nick-translated probe (pBR322) was at least 108 cpm/,ug. Cell counts were determined by viability, and an optical density at 520 nm of 0.1 corresponded to approximately 108 cells. The ,B-lactamase activity was determined with a Kwik-Lac kit (Micro-Bio-Logics, St. Cloud, Minn.) as specified by the manufacturer.
RESULTS
We have isolated plasmid pFA7 from N. gonorrhoeae and partially sequenced a 2,390-base-pair BamHI fragment (1).
The region corresponding to the P-lactamase gene of pFA7 is virtually identical to the TnA sequence reported previously (13) and is in agreement with the N. gonorrhoeae TEM-1 sequences described by Chen and Clowes (7) . Figure 1 shows the sequences downstream of the TnA inverted repeat (IR) of pFA7.
Two different configurations of the 50-base oligonucleotide hybridization probes designed for TEM-1 analysis are shown in Fig. 2 . The first set for the TEM-1 assay ( Fig. 2A) involves the use of capture and labeling probes that are evenly distributed throughout the TEM-1 sequence in a ratio of 1:3. A variety of penicillin-resistant organisms including PPNG, H. influenzae, S. typhi, S. sonnei, and E. coli were detected ( Table 1) . As expected, penicillin-resistant, non-TEM-1 P-lactamase-positive strains of Branhamella catarrhalis did not react in the Kwik-Lac test or the TEM-1 assay (Table 1) .
We developed a second assay configuration (TEM-1NH assay) that, in addition to the TEM-1 sequences, requires sequences from pFA7 in the region between the downstream TnA IR and the vector BamHI site (1). This region is conserved in all TEM-1-possessing derivatives of this plasmid characterized to date (7, 29) . In the TEM-1NH assay (Fig. 2B) , the labeling probes annealed to the TEM-1 gene while the capture probes hybridized to the region between bases 239 and 539 (Fig. 1) subflava, H. influenza, Streptococcus faecalis, Mycoplasma hominis, and Treponema pallidum). All were found to score negative in both nucleic acid assays (signal-to-noise ratio, <3; data not shown).
The sensitivity of the chemiluminescent TEM-1NH hybridization assay was compared with that of a dot blot with radioactive label. We determined that the method described by Zyzik et al. (30) was the most sensitive blotting procedure. Several dilutions of a cell suspension of N. gonorrhoeae ATCC 31707 were denatured with NaOH, spotted onto a nylon filter, and annealed with a 32P nick-translated TEM-1 probe. The same number of cells were analyzed simultaneously by the TEM-1NH assay. After a 24-h exposure, 105 cells were barely detectable on the dot blot with the 32P-labeled TEM-1 probe, whereas the same number of cells gave a positive signal-to-noise ratio of 4.9 in the 4-h chemiluminescence assay.
The sensitivity of the TEM-1NH assay was also compared with that of a commercially available test, Kwik-Lac, which measures P-lactamase activity. P-Lactamase can be detected in cell suspensions containing 107 cells (Fig. 3) .
DISCUSSION
In general, the TEM-1 gene has integrated into large conjugative plasmids in H. parainfluenzae and H. influenzae isolates (1, 2, 7, 21) ducreyi, and N. gonorrhoeae (3, 17) . With the exception of the H. ducreyi conjugative plasmids (e.g., pJB1 and pHD131 [7] ), which contain a complete TnA transposon, the nonconjugative TEM-1 plasmids found in Haemophilus and Neisseria spp. possess only about 30% of the TnA sequences (1, 7). The remaining portion contains the complete 13-lactamase gene and one IR within a 2,390-base-pair BamHI fragment. Similarly, penicillin-resistant S. typhi, S. sonnei, and E. coli strains have been found to possess TnA sequences integrated into R plasmids; however, these plasmids are genetically unrelated to the Haemophilus spp.-and N. gonorrhoeae-associated plasmids (14) . The TEM-1 gene sequence itself is highly conserved in its various genetic environments (1, 7, 29) .
The nucleic acid hybridization assay for TEM-1 accurately detects the presence of TEM-1 ,-lactamase-mediated penicillin-resistant bacteria but does not associate the gene with a specific organism. A preferable alternative might be to attribute the TEM-1 gene to N. gonorrhoeae itself. To differentiate TEM-1 sequences present in N. gonorrhoeae (and in some Haemophilus spp.) from those present in other organisms, we developed the TEM-1NH hybridization assay. As demonstrated here, the TEM-1NH assay will detect the presence of the TEM-1 gene only when it is integrated into pFA7 or its derivatives. This is due to the absolute requirement of both capture and labeling probes for the assay method. Other organisms with or without the TEM-1 gene do not react in the assay. Neither of the two strains of H. parainfluenzae containing a large conjugative R plasmid reacted with the TEM-1NH assay.
Since its discovery, penicillin has been routinely used in the treatment of patients infected with N. gonorrhoeae. The recommended therapeutic dose of aqueous procaine penicillin G for uncomplicated gonorrhea rose from 2 x 105 U in 1945 to 4.8 x 106 U in 1972. As a result of acquired resistance, the number of patients not responding to treatment with this dosage of penicillin is rapidly increasing (4, 20 ; Centers for Disease Control, Leader, Morbid. Mortal. Weekly Rep., 36: 21 and 25, 1987) . Analysis of resistant strains has indicated that N. gonorrhoeae received TEM-1 in a 7.5-or 5.4-kilobase plasmid, pFA7 or pFA3, respectively, probably indirectly from H. parainfluenzae (3, 19) .
Recently, failure of penicillin treatment in N. gonorrhoeae cases involving non-PPNG has been reported (6, 8, 10, 11) . One significant outbreak was recorded in North Carolina in 1983 (5). These strains are resistant through a chromosomally mediated resistance that involves alterations in one or more penicillin-binding proteins or a decrease in permeability of the outer membrane to antibiotics (12, 18, 24, 25) . Chromosomally mediated penicillin resistance of N. gonorrhoeae is typically at a lower level than that of PPNG (4 ,ug/ ml versus 8 ,ug/mI to 2 mg/ml) (8) , although chromosomally mediated penicillin resistance can be associated with resistance to several other antibiotics (6, 12) . At present, N. gonorrhoeae strains with chromosomally mediated resistance represent less than 1% of the penicillin-resistant N. gonorrhoeae strains reported. Neither TEM-1 assay presented here would detect these strains; however, a similar approach to the detection of chromosomal mutations leading to penicillin resistance is feasible by using the methods described.
Typically, gonorrhea infection is diagnosed by Gram staining and/or selective culturing of clinical isolates. After a pure primary culture has been obtained, penicillin resistance is detected either by subsequent growth in medium containing the antibiotic or by measuring the activity of P-lactamase.
Both processes require 24 to 72 h for growth of the organisms. Because of the time necessary for analysis, the outcome of the testing is rarely of use to the clinician in primary therapy. A rapid and sensitive test for penicillin resistance could help to direct appropriate treatment of the disease. We have reported here two 4-h nonradioisotopic nucleic-acidbased assay methods for the detection of TEM-1 1-lactamase-mediated penicillin resistance. In the TEM-1NH form of the technique, it is possible to differentiate TEM-1 ,-lactamase-conferred resistance in N. gonorrhoeae (97 strains) and some Haemophilus spp. (6 strains) from resistance conferred by the same gene in other organisms. Recently, we have been able to reproducibly detect 2 x 104 TEM-1-positive cells of N. gonorrhoeae by using a modified TEM-1NH assay, and we anticipate significant improvement even in this detection limit. Whereas the Kwik-Lac kit is designed to detect ,B-lactamase in pure cultures, the TEM-1 and TEM-1NH nucleic acid assay systems should be sufficiently sensitive to allow direct analysis of clinical isolates (15) . Preliminary evidence suggests that sample matrixes of urogenital origin do not interfere with the assay. Further investigations of clinical samples are in progress.
